The energy-loss experienced by swift scanning transmisson electron microscopy electrons is calculated for a target constituted by two spherical particles in the framework of dielectric theory, using bispherical coordinates. Deviations from the behavior of the isolated sphere are investigated. The coupling between close particles and its effects on the energy-loss spectrum is found to depend significantly on the electron trajectory and target situation ͑particle size and interparticle distance͒. Excitations above the planar surface plasmon energy are found to be the dominant contribution to the loss spectrum for trajectories between the two spheres, while low-energy excitations, under those of the isolated sphere, appear for trajectories out of that region. The different possibilities are analyzed and compared with experimental results for aluminum particles and provisions of recent effective medium theories. The inelastic part of the induced electric field around the spheres is also studied showing a very important localization of the excitation in the space between both particles, even for trajectories outside that region. The expressions obtained are available for any local dielectric function.
I. INTRODUCTION
Scanning transmission electron microscopy ͑STEM͒ has been used in the last decades as an efficient tool to probe different microstructures of nanometer scale. The dielectric theory, in which the target is characterized by a dielectric function, has been used quite successfully to explain electron energy loss ͑EELS͒ spectra, which depend both on the composition and geometry of the target. Since the pioner work by Ritchie 1 giving light to the surface-plasmon concept, collective excitations have been studied in different structures ͑pla-nar, spherical, cylindrical, spheroidal, hemispherical, etc. [2] [3] [4] [5] [6] [7] [8] ͒, explaining qualitatively well the EELS experiments in the valence region. But in the last years, due in part to the advances produced in the STEM microscope, it has been possible to get more detailed spectra probing very local regions of the nanometrical structures. Batson 9 obtained very precise measurements of energy-loss spectra, using a very narrow beam ͑Ϸ0.5 nm͒ and found that EELS spectra near close particles showed new excitations not predicted by the energy loss due to single particles, which he attributed to bispherical plasmons. Now, the last attempts tend to extend the study to more complex geometries as composites, in which the coupling between close particles or defects may be relevant. Different theoretical works have attempted to explain that kind of results considering models to deal with the energy losses corresponding to complex targets as a couple of particles, 10 two cylinders, 11 or a particle coupled to a plane. [12] [13] [14] Recently, several sum rules relating the modes of two nontouching coupled surfaces to those of the decoupled ones have been reported. 15 Anyway, as the geometry of the target is more complex, it becomes more difficult to get analytical expressions and more computation time is generally required to get the energy-loss probability.
Another point of view of considering these complex systems is that of effective medium theories, in which the inverse of the dielectric function of a complex system is calculated as an average related to the microstructure and properties of its constituents. [16] [17] [18] In most experiments in inhomogeneous media, the situation is difficult to undertake since the beam crosses particles of different sizes in an irregular distribution. Howie and Walsh 19 have obtained EELS spectra in systems of small colloidal Al particles embedded in AlF 3 . These structures can be obtained by scanning an AlF 3 sample over a large area with the STEM beam or focusing it on a small area drilling a hole. In the last case, 20 it has also been proved that, as a result of the damage, such colloidal structures are obtained around the hole. When trying to explain their results, Howie and Walsh concluded that classical effective medium theories of the Maxwell-Garnett 21 type are not successful in explaining the energy-loss spectra observed, but much better results are obtained with a dielectric excitation model, making an average over the possible electron trajectories in the composite medium. Anyway, the main problem of the effective medium theories arises from the fact of replacing an inhomogeneous medium by an equivalent homogeneous one, with the resulting risk of losing effects related to very local excitations around the inhomogeneities of the material.
Two recent works have tackled these problems from different points of view. Pendry and Martín-Moreno 16 developed a formulation for the problem, very well suited for numerical calculation, that consists in calculating the energyloss rate by integration of the Poynting vector corresponding to the reflected field in systems constituted by arrays of spheres. In that way, they calculate the energy loss for an electron moving past a surface, considering the medium below the surface as inhomogeneous but ordered ͑arrays of metal spheres or cylinders͒, so that they can use a transfermatrix method 17 to obtain the Poynting vector from the re-flectance amplitude. Barrera and Fuchs 18 considered a random system of spherical particles in a host, characterizing both media by their local dielectric functions and calculating the energy-loss spectrum from the effective inverse longitudinal dielectric response Ϫ1 (k,) obtained as an average over particle positions. They recover the Maxwell-Garnett dielectric function as the kϭ0 limit of that function.
The aim of this work is to give some light to the problem, analyzing how and when the excitations in small particles differ from the isolated sphere regime and in what sense does it affect the resulting spectrum. The energy-loss probability of electrons passing close to a two-particle target is obtained by expressing the screened function of the system of the two spheres in bispherical coordinates. All the multipolar terms necessary in each case are considered in the expressions. First, we analyze the computed expressions in terms of the better known results for the case of the isolated sphere, 5 and prove to fulfill them as particular cases of our expressions. Then, we study the excitations produced by different electron trajectories around and between the spheres, as a function of particle size and distance, as well as the convergence of the expressions or the number of multipolar terms required in each case. Another part of the work is devoted to study the behavior of the imaginary part of the induced electric field around the spheres, relating it to the resonances appearing in the loss spectra. In this way, the regions where the excitation is localized can be seen.
The modes of the collective excitations in systems of two spheres were first calculated by some authors using these coordinates 22, 23 and considering only the contribution of the first multipolar terms. Schmeits and Dambly 10 calculated the energy-loss probability of the two-sphere system, but using spherical coordinates related to two different origins, the two sphere centers. We get qualitatively the same results as those authors for the cases they consider, but our expressions can be applied directly to systems with a general dielectric function. We consider all kind of trajectories, including electrons passing between both particles or parallel to the axis that joins both spheres centers, which can be very significant in the real case of a colloidal system. Although, in this case, we only consider electron trajectories external to the particles, as we are especially interested in the surface-plasmon excitations; the formalism presented can be extended directly to also consider penetrating trajectories. Dispersion effects, related to the momentum dependence of the dielectric function are also avoided. As it has been analyzed in previous works, those corrections may become relevant for very close particles and grazing electron trajectories. 24, 25 On the other hand, for large particles, retardation effects should also be included 26 in the theory. We discuss the results especially for the case of equal Al spheres in a vacuum using a Drude dielectric function, but we also consider Al particles in AlF 3 host using experimental dielectric functions. 27, 28 We compare the results with provisions of recent effective-medium theories.
II. ELECTRON ENERGY-LOSS PROBABILITY IN A BISPHERICAL SYSTEM

A. General formalism
As we proved in a previous work 13 the surface contribution to the energy-loss probability experienced by an electron moving along the x axis at speed v close to a target can be obtained as the following double integral calculated along the electron's trajectory: and evaluated for electron positions all along its trajectory. Notice that in this dielectric formalism, the inelastic excitations are related to the imaginary part of the screened interaction. Following this formulation, the first step to get the energy-loss probability P() is to calculate the screened interaction that satisfies the boundary conditions ͑continuity of the potential and displacement vector͒ corresponding to the geometry considered in each case. The previous formalism has been shown to reproduce the results of the classical dielectric theory for the known simple geometries as isolated spheres, 29 cylinders, 30 and has been used to deal with more complex geometries as a sphere coupled to a plane 13, 14 and in hemispherical particles. 8 Here we sketch the calculation of the energy-loss probability near a two-sphere system, using bispherical coordinates to write the screened function and to match the boundary conditions in an easier way, given that the spheres are the surfaces where the bispherical coordinate is constant. The geometry   FIG. 1 . Two-sphere system characterized by the bispherical coordinates ϭ l and ϭϪ 2 and two different possible trajectories, parallel and perpendicular to the z axis.
of this target, as well as the parameters used to describe the problem are shown in Fig. 1 . We are aware that this classical description of the beam as a punctual particle is not the most suitable for the problem of the energy loss in an inhomogeneous medium, where the beam interacts with different particles of the medium. Nevertheless, Ritchie and Howie 31 showed that in most experimental conditions the spectra corresponding to a broad beam can be obtained as a convolution over the impact parameters of the corresponding classical spectra.
B. Screened interaction for a two-sphere system
The definition of the bispherical coordinates ͑,,͒ and their relation with the Cartesian ones are contained in Appendix A. The two spheres are characterized by their dielectric functions ͑ 1 and 2 ͒, which are -dependent functions, their radii ͑r 1 and r 2 ͒, and the interparticle distance d. The surrounding medium has been characterized by the dielectric function 0 ͑in general it represents any medium, not necessary vacuum͒. The screened interaction can be expressed at the three regions shown in Fig. 1 ͑the two spheres and the surrounding medium͒ as the following multipolar expansions, for these coordinates. 32 For the surrounding medium with dielectric function 0 , corresponding to the subspace Ϫ 2 рр 1 , the expression is
where the second contribution, solution of the homogeneous part of Eq. ͑2͒ is
Inside particle 1 ͑dielectric function 1 and subspace у 1 ͒, the corresponding multipolar expansion is
and inside particle 2 ͑dielectric function 2 and subspace рϪ 2 ͒ we write
In the previous expressions, a is a geometrical parameter related to the particle radii and interparticle distance, defined in the Appendix A and P l m (cos) are the Legendre functions. The coefficients A lm , C lm , and D lm appearing in the expansions can be obtained from the boundary conditions. Then, to calculate the energy-loss probability we first need the constants A lm and B lm appearing in the induced screened interaction ͑4͒. Those constants are obtained by matching the boundary conditions at the two spherical surfaces given by the bispherical coordinates ϭ 1 and ϭ Ϫ 2 . From the continuity of the screened interaction,
we get the following two equations: 
and lead to a set of coupled equations that fulfill the previously defined reduced coefficients. But for that purpose we must do some algebra, working with the recurrence relations of the Legendre functions P l m (cos),
projecting the normalized Legendre functions P n m (cos) and taking into account the integrals 33 of those functions, of the type.
After substitution of the coefficients a lm and d lm , the following sets of equations are obtained: are -dependent functions corresponding to the surface response functions of planar semi-infinite media 0 Ϫ 1 and 0 Ϫ 2 , respectively. Equations ͑15͒ and ͑16͒ represent infinite sets of coupled equations. For each value of m we have to solve an infinite system of equations, where l ranges from m to infinity, i.e., we have an infinite number of equations and unknowns a lm and b lm . Nevertheless, if we cut the series at some maximum value of l, lϭl max , we have a 2i m ϫ2i m system for each m, being i m ϭl max Ϫmϩ1. Notice that the matrix of the system consists of four tridiagonal boxes, given that each l multipolar term is coupled to the l ϩ1 and lϪ1 terms in each equation. Those systems of equations, as well as the former Eq. ͑1͒ integrals will be solved numerically. Once the equation system is solved for some maximum l, the energy-loss probability can be calculated.
Then, in the computations done to calculate the energyloss probability P() given by expression ͑1͒ there are two points to be considered concerning the convergence. One is the accuracy in calculating the coefficients A lm and B lm by solving the sets of Eqs. ͑15͒ and ͑16͒ for each value of m ͑and each energy and position x͒. In practice we consider one maximum l (l max ) in such a way that the coefficients obtained are not any more changed by increasing the matrix dimension. It has been proved that in most cases the value l max ϭ20 is enough except for nearly touching particles (x Х0.5). We see that still for xϭ0.498 around l max ϭ40 is enough to get good accuracy in the A lm and B lm coefficients. On the other hand, for such a case dispersion effects are expected to be crucial. The second point to look at is the convergence in the multipolar expansion used to express the loss probability. There, the summation is cut off for some maximum l, that in some cases can be smaller than the maximum l considered to solve the equation sets discussed. Here, the weight of the different l,m terms changes for different configurations ͑radius, sphere distance, impact parameter, etc.͒. Anyway, although hard, the best way to see if the results are correct is to plot the same energy-loss graph for different values of l max and to see if it presents any change. The same trends, concerning the accuracy, have been pointed out in other work 34 that calculates the absorption in the scanning tunneling microscope ͑STM͒ modeling the tip-sample system using this bispherical geometry.
Although the multipolar expansions and the boundary conditions are worked in bispherical coordinates, to calculate the loss probability, it is easier to return to Cartesian coordinates using the transformations of Appendix A.
C. Induced electric field
Stoy studied the equipotentials in systems of two spheres embedded in a uniform external field aligned parallel 35 and perpendicular 36 to a uniform external field, by solving the Laplace equation in bispherical coordinates. Our situation is somehow different. We are dealing with a dynamic problem, where the external field is produced by a moving electron and therefore, the external field is no longer uniform on the surfaces.
As we have seen in the previous section, the screened interaction is the Green's function corresponding to the Poisson equation, which fulfills the boundary conditions. Then, from that function, the induced electric field can be calculated around the spheres for different electron trajectories. This can give us an idea of the nature of the different excitations produced as a result, as it will be shown in next section.
The induced field is connected with the induced electric potential through the gradient
and the induced potential can be calculated from the induced part of the screened interaction as:
So, given an electron trajectory along the x axis, defined by the impact parameter bϭ(b y ,b z ), the component of the induced electric field around the spheres is expressed as the following integral along the electron's trajectory:
Then the three components of the field appearing in the integrand, in bispherical coordinates are the following, denoting rЈϭ(xЈ,b y ,b z ):
In those expressions of the field components the coefficients A lm and B lm are the same defined in Sec. II B that verify the Equation systems ͑15͒ and ͑16͒. To perform the graphic representations of the field in the following section we will transform the bispherical components to Cartesian ones. It must be also underlined that we will focus on the imaginary part of the induced field, responsible for the energy-loss processes.
III. NUMERICAL RESULTS AND DISCUSSION
A. Energy-loss probability
First of all, expressions have been tested to prove that they reproduce exactly the energy-loss probability corresponding to an isolated sphere in the limit cases. When we consider 3 ϭ1 or 2 ϭ1 in our expressions, we get the same energy-loss spectra as those calculated for a sphere to all the multipolar terms, given by Ferrell and Echenique's formula:
where K m is the modified Bessel function of order m, r is the sphere radius, b the impact parameter, and is the -dependent dielectric function of the sphere. Another way to get the result of the isolated sphere limit from our expressions of the energy loss around a two-sphere system is to increase the distance d between them. Then, both spheres get uncoupled and the loss spectrum is twice ͑for the corresponding impact parameters related to the two spheres͒ the spectrum given by Eq. ͑21͒. In the following we will consider a 100 keV STEM beam electron with different trajectories in systems of two equal spheres. Note that although we will present all the time plots for equal spheres, the expressions are suitable for different size spheres, as well paper, i.e., perpendicular to the z axis that joins the spheres' centers. In this particular case, taking into account the parity of the integrand with respect to x and xЈ the loss probability can be calculated through the following expression:
where given the parity of the integrand with respect to the x coordinate, the integrals along the trajectory have been reduced to half-way integrals. Note that in this equation the fact that only the imaginary part of the screened interaction is responsible for the energy loss appears explicitly. In all the cases the particle radius considered is rϭ10 nm and the parameter used to take into account the interparticle distance is defined as the ratio xϭr/d. This ratio is related to the volume filling fraction f used in the effective medium theories. For a cubic lattice of spheres it is defined as f ϭ 4 3 r 3 /a 3 , where r is the particle radius and a the lattice parameter. So the relation f ϭ 4 3 x 3 may be established in order to extrapolate the two-sphere results to the more complex systems considered by the effective medium theories. The defined x ratio ranges between 0 and 0.5, corresponding to infinitely distant and touching particles, respectively. In Figs. 2 and 4 we have considered xϭ0.48, so that the distance between the spheres' centers is 20.8 nm, corresponding to a gap of 0.8 nm between the spherical surfaces. In these computations we have considered a Drude dielectric function for the aluminum, ()ϭ1Ϫ p 2 /(ϩi␥), where p and ␥ are the bulk plasmon energy and the damping, respectively. We have considered p ϭ15 eV and ␥ϭ0.5 eV for aluminum. The maximum number of l terms considered that we have tested to be enough as to guarantee the convergence of the solution in this case has been l max ϭ20.
The different calculated spectra can be compared with that corresponding to the isolated sphere at the same impact parameter ͑with respect to the closest particle͒ as in C trajectory. For the isolated sphere the main excitations occur at around ϭ p /)ϭ8.7 eV, corresponding to the dipolar term (lϭ1). This peak is no longer present in the spectra, due to the fact that the coupling between both spheres avoids the dipolar charge distribution as in the isolated sphere. This behavior is general in problems involving particles coupled to surfaces. 8, 13 The contribution of the other multipolar terms enhances the loss probability around 9.5 eV ͑lϭ2, quadripolar term͒ and 10 eV ͑higher multipoles͒. The general effect of the coupling between close spheres, as shown in the plot, is the splitting of those into more peaks at lower and higher energy. In all the trajectories we get a maximum around 9 eV, which is the main contribution in trajectories A and C, but it is not the case of trajectories along the plane zϭ0 ͑B and D͒, where the main excitations occur at higher energies and further, no peak appears below 9 eV. For trajectory C, peaks around 6.2 and 8 eV and a shoulder at 9.8 eV appear. For A trajectory there are two more peaks than in C, those at 7.4 and 9.6 eV. Those results are in agreement with the calculations by Schmeits and Dambly and previous calculations of the energy modes. 10, 23 Notice that in D trajectory the 6.2 eV peak is absent in the spectrum, given that in that special case the trajectory is symmetrical (b z ϭ0) and it corresponds to a symmetric induced charge-density pattern in the spheres, as it will be described in next section. Even though, when the trajectory is closer to one of the spheres the peak appears, as the symmetry is broken, but in any case it is not the most important contribution to the spectrum.
One of the most relevant aspects to be pointed out is that of trajectory D, when the electron crosses the space between both particles. In this case different peaks appear between 9 and 13 eV, at 9.7, 10.7, 11.4, and 12.3 eV. This blueshift is expected to happen for this special case, since the local geometry around the electron has some similarity with that of the slab. The energy-loss probability of an electron moving in vacuum between two planar interfaces is considered in Appendix B. In that case, the surface-plasmon excitations split into two modes given by 1,37 the following expression:
where ͑͒ has been considered as the Drude dielectric function, d is the thickness of the vacuum subspace, and Q is the parallel momentum ͑see the scheme in the frame of Fig. 3͒ . For small thickness, that expression gives two modes below and above p /& and as d→0 the bulk-plasmon energy p is obtained, as one should expect since when the two surfaces touch together the bulk material is obtained. For large thickness, we recover the planar surface mode p /&. In Fig. 3 we compare the electron energy-loss spectra between two planar interfaces and between two spheres of FIG. 3. Electron energy-loss probability spectra for an electron traveling between two equal aluminum spheres targets of different radius but the same minimum distance between spherical surfaces (d s ϭ0.83 nm), resulting in different x parameters. The energy losses for symmetrical trajectories between planar interfaces at distances dϭ0.83 and dϭ20.83 nm and the same trajectory length are plotted too. the same radius, for a symmetrical trajectory, i.e., the same distance to both surfaces. For the spherical target the minimum distance between the spherical surfaces (d s ϭ0.83 nm) is the same for all the sphere radii considered ͑we have changed the x ratio in that way͒. For the slab case we consider two thicknesses ͑0.83 and 20.83 nm͒ and their corresponding plots are obtained by multiplying the probabilities per unit length by the same factor. For the smallest sphere (rϭ2 nm) the spectrum is still dominated by the 9 eV peak ͑of dipolar character, as it will be illustrated in next section͒ and is very different from that of the planar case. As the radius is increased, the 9 eV peak lowers and finally vanishes, as is the case of 40 nm spheres. Furthermore, the whole spectrum is displaced to higher energies. The whole spectra for large radius spheres stay between the two spectra of the slabs of the thickness considered. Although there is a tendency towards the planar case as the sphere radii are increased, the two-sphere case is somehow different, as the total induced charge on each sphere must be zero.
It must be noticed that this type of interparticle D trajectories is important, since they present a peak that clearly dominates the whole spectrum ͑12.3 eV for the geometry of Fig. 2͒ , while for other trajectories the dominant peaks of the spectrum are in the energy region of the isolated sphere spectrum. The kinds of excitations produced by these trajectories are expected to be described by an effective dielectric function used to represent a medium with colloidal metallic particles.
In Fig. 4 the calculated spectrum due to an electron traveling near two close spheres along a trajectory, labeled F, parallel to the z axis is shown. The electron passes at 1 nm from the spheres surfaces, of radius rϭ10 nm and xϭ0.48, as in the previous figures. The dot-dashed line is twice the energy-loss spectrum of the isolated sphere, calculated from expression ͑21͒. The main differences between both spectra are two: first, the dominant dipolar peak of the isolated sphere is almost removed and second, there is a new loss peak at 6.2 eV. It is evident that the spectrum structure is very similar to that of A trajectory, with a relative enhancement of the lower energy peak at 6.2 eV and the higher one at 9.5 eV, in the case of F trajectory. The part of the spectrum above 10 eV is almost unchanged. This part corresponds ͑in the isolated sphere case͒ to high values of l and shows that the main coupling effects are affected only to the low multipolar terms.
On the other hand, for each trajectory, the spectrum is clearly dependent on the ratio xϭr/d, as is evident from Fig.  5 , where computed spectra for different x values are compared. The electron trajectory (D) is maintained fixed along the x axis and as the two spheres approach the electron path, the total loss probability is enhanced in the same way between xϭ0.2 and xϭ0.3, but for closer spheres that enhancement is produced in the higher-energy region. It is shown that the energy of the first peak at 9 eV stays nearly constant from there on and the second one increases. Furthermore, for values of x greater than 0.4 a splitting occurs, giving rise to new peaks between 9.5 and 13 eV. This behavior is consistent with results predicted by Barrera and Fuchs 18 using an effective medium theory to describe a random system of spheres. They also get main excitations in the loss spectrum of colloidal aluminum in the region between 10 and 15 eV that move towards 15 eV as the volume filling fraction of the system increases. These kinds of D trajectories seem to be the most adequate ones to describe the interaction of the electron with a colloidal dense medium, in the bulk, since in such systems the electron would spend most of the time between very close particles.
In Fig. 6 , the effects of the proximity of the spheres on the EELS spectrum is also shown, but in this case for an electron trajectory of type C and particle radius rϭ2 nm. The x ratio is changed by approaching both spheres, but always maintaining the electron trajectory at 1 nm from the closer sphere surface. The coupling effects become most important at ratios xϾ0.4, and seem to be very sensitive to that parameter, giving rise to two peaks, one of them at energies below the isolated sphere dipolar mode ͑at 8.7 eV͒. For xϭ0.49 the lowest peak appears at 5.4 eV. Furthermore, for values of x very close to 0.5, the higher-energy excitation splits into two peaks. For xϭ0.49 the excitation at 5.4 eV is less intense but a new peak appears in between. Figures 5 and 6 show that there is not a simple way of describing the EELS results in terms of the filling fraction x in a composite medium, as proposed by Howie and Walsh. 19 On the other hand, for the same value of the x parameter, the particle radius is shown to affect the relative intensity of the different excitations appearing in the spectrum, but not their position. In Fig. 7 the excitations produced by electrons traveling along C trajectories near systems of two equal spheres of different radius ͑rϭ2, 4, 10, and 20 nm͒ are compared. For small spheres (rϭ2 nm), the three peaks appearing in the spectrum have the same weight, while for large ones, the other peaks dominate. Another point to be underlined is the behavior of the 6.2 eV peak with r. First, its absolute intensity increases with increasing radius, but at about 10 nm it seems to have a maximum and then it decreases as it is shown for 20 nm spheres. That behavior was also pointed out for a sphere coupled to a plane. 13 Something similar occurs with the other low-energy peaks: their intensity grows up with the radius and then they are absorbed by FIG. 4 . Calculated EELS spectrum ͑continuous line͒ for an electron passing near a two aluminum sphere system ͑rϭ10 nm, x ϭ0.48͒ in vacuum, along the trajectory ͑labeled F͒ parallel to the z axis at 1 nm from the sphere's surfaces. The dot-dashed line corresponds to twice the energy-loss probability due to one isolated sphere of the same radius and for the same impact parameter ͑1 nm from the spherical surfaces͒.
the tail of higher-energy excitations. The most relevant fact is the enhancement of the peak of 9.8 eV with respect to the others for the 20 nm sphere. This behavior was pointed out to happen with isolated spheres 5 as the higher multipolar terms contribution to the spectrum increases for larger spheres. In the limit of very large values of r one should get the spectrum corresponding to a planar interface, a single surface plasmon at p /&ϳ11 eV, with no coupling effects. As it happens with isolated spheres, for large radius spheres, many terms ͑around 50͒ are needed to get convergence in the high-energy region ͑around 10 eV͒, but only a few terms are enough to reproduce the low-energy losses ͑around 6 eV͒. As we will see in next section, this can be interpreted in terms of the induced charge-density pattern, since the low-energy peak requires a small number of multipolar terms to be reproduced ͑it looks like two dipoles͒, while the high-energy peak has a more sophisticated nature, requiring more multipolar terms to be described. For smaller spheres the whole spectrum is obtained in good accuracy with a small amount of l terms ͑around 10͒.
To finish this section, we present in Fig. 8 the calculated surface contribution to the energy-loss spectrum obtained for Al spheres in AlF 3 . In this case, we have used experimental data of the dielectric functions of both media, obtained from Refs. 27 and 28. The situation is the same as in Fig. 2 , but the spheres are now embedded in aluminum fluoride. The general features of the spectra are the same, except for a displacement of all the spectra as a whole towards lower energies in relation to the case of spheres in vacuum.
B. Induced electric field
In this section we study the nature of the inelastic part of the induced electric field, i.e., the field produced by the charges that are induced on the couple of spheres by the passing external beam electron and relate them to the energyloss spectra obtained in the previous section. As it has been described in Sec. II C the component of that field can be expressed as an integral over the electron's trajectory. Anyway, we will consider only the contribution of one position, when the electron is at the xЈϭ0 plane. That is supposed to be the most relevant contribution to the induced field. In fact, this consideration is supported by the similar shape shown by the loss spectra corresponding to trajectories A and F of Figs. 2 and 4 described in Sec. III A. The structure of the induced field around the particles will give us an idea of the induced charge distribution, since it is related to the component of the induced field normal to the surface of the target.
In the following discussion, aluminum particles in vacuum are considered. In Fig. 9 the induced electric-field direction is shown for two equal spheres of 2 nm radius and two different distances, corresponding to xϭ0.2 ͑up͒ and x ϭ0.4 ͑down͒. The contribution of the electron at position xЈϭ0 is considered for a C type trajectory ͑at 1 nm from the closest sphere͒ in both cases. In the configuration of the upper figures (xϭ0.2), as the spheres are distant enough, we can make an analysis in terms of isolated spheres. The structure of the field at 8.5 eV reveals as two dipoles oriented in the same direction, towards the electron, but only slightly distorted with respect to the dipolar excitations in isolated spheres, due to the coupling. For ϭ9.5 eV the particles behave like two quadrupoles, as this is the quadrupolar mode of the isolated sphere. The intensity of the induced field around the spheres at points of plane xϭ0 has been plotted in the central part of the figure. It is inferred from these plots that the excitations in that particular situation are affected, especially to the closest particle. That result was expected and just manifests that, in accordence with the spectrum of Fig. 6 corresponding to the same xϭ0.2 ratio, in that situation the particles behave independently, as isolated particles. On the other hand, as it is known, the interaction range of the component of the potential created by the probe is of the order of v/, i.e., for the electron speed (vϭ75.1 a.u.) and those energies considered give it an interaction range of about 10 nm, that does not reach completely the distant sphere in this case. Nevertheless, in the case of 9.5 eV it is clear that the excitation is relatively most focused on the close particle, whereas the 8.5 excitation also weakly reaches the distant particle. These results, if extrapolated to complex systems considered in effective medium theories, should be compared with volume filling fractions f Х3 %.
In the lower side of the figure we consider the induced field for the xϭ0.4 configuration, corresponding to the lowenergy peak ͑at 7.9 eV͒ that appears in the spectrum of an electron traveling along a C type trajectory ͑see Fig. 6͒ . In this case, the analysis in terms of isolated spheres is no longer valid. The excitation has the same dipolarlike character as before but it is clearly localized in the space between both spheres, even when the electron is closer to the other side of the neighbor particle as it is in the case of this C trajectory. This result may be surprising at first sight, since one would expect the excitation to be stronger in the neighborhood of the external probe that produces the excitation. In this case, the interaction reach is v/Х12 nm, distance that includes both particles for this particular case. Anyway, as the size of the particles increases ͑keeping the filling rate constant͒ the effect of the beam potential on the distant particle is weaker and therefore, the relative height of this peak vanishes, as we have already pointed out. When extrapolating to complex systems, this situation would correspond to a volume filling fraction f Х27%, not such a dense medium. This explains why the spectra of a system of colloidal particles differs from the expected one for isolated particles. This behavior is also consistent with the conclusions obtained by Pendry and Martin-Moreno. 16 They get spectra due to an electron passing near a planar interface of a medium that they model as a cubic lattice of spherical particles and conclude that the spectra are not affected by considering two or more layers. Note that concentrating the electric field in a small region supposes many l terms in the corresponding multipolar expansion, even if the charge-density pattern is basically of dipolar type.
In Fig. 10 the induced field around two nearly touching particles of radius rϭ2 nm and xϭ0.49 is shown for an electron trajectory of type C ͑and xЈϭ0͒. The energies of the excitations represented correspond to the peaks appearing in the loss spectrum for this particular situation as it is seen in Fig. 6 . The lower excitation at 5.4 eV ͑upper side of the plot͒ corresponds to a configuration of two distorted dipoles, i.e., each sphere has one kind of charge distributed in a great area of the surface, and the opposite charge is very concentrated in the region closest to the other particle. From the outside, the couple of spheres can be seen like an effective dipole as a whole, except for the small region of proximity of the two spheres. The configurations plotted for the other energies, ϭ8.4 and 9.1 eV look like two distorted dipoles, that is, the two characteristic loops of the field lines of a dipole can be observed at each sphere. But in the proximity region, other charge sign oscillations appear at each particle, increasing the number of those oscillations with the excitation energy. This fact is related to the high number of multipolar terms required to ensure the convergence for these interparticle distances. Nevertheless, it is in the small region between the particles where the induced field is most concentrated. The field intensity plot shows that again, for the low-energy peak at ϭ5.4 eV the excitation is clearly localized in the interparticle space, as it is manifested by the sharp peak of the induced field in that region.
To finish this section, we illustrate in Fig. 11 the field structure accompanying the spectra of Fig. 2 for A ͑up͒ and D ͑down͒ trajectories discussed in the former section. We consider two Al spheres of radius rϭ10 nm and xϭ0.48 in both cases. As we showed in the previous section ͑Figs. 2 and 4͒, the spectra corresponding to trajectories A and F present a peak at 7.4 eV that is not produced for other trajectories. As Fig. 11 ͑up͒ shows, for that case ͑rϭ10 nm, x ϭ0.48͒ the field structure corresponds roughly to two antiparallel dipoles disposed perpendicularly to the z axis, a situation that is not possible given the symmetry of the other trajectories as C, for example. In the lower two plots the electron crosses just the origin of our coordinate system. For this particular case the loss spectrum presents five peaks. In the figure we have included only the field arrows corresponding to 11.4 and 12.3 eV. As discussed before, due to the symmetry of the problem with respect to the electron position, the small energy peak ͑at 6.2 eV͒, corresponding to two parallel dipoles that appeared for other trajectories is not present, since in this case the induced distorted dipoles must be oriented towards the electron, then in opposite directions. The excitations of 11.4 and 12.3 eV plotted show configurations in which nearly the whole spheres are charged with the same sign and the opposite charge is concentrated in the region near the electron probe. For 10.7 eV the situation is similar but there are also a lot of charge oscillations in the region between the two spheres. This kind of charge sign oscillations in this region that surrounds the electron makes us remember the induced charge oscillations in two parallel planar interfaces ͑see Appendix B͒. The field configurations corresponding to the 9-and 9.8-eV peaks can be interpreted in terms of two dipoles and two quadrupoles, respectively, oriented towards the electron. In both cases charge sign oscillations appear in the proximity region. 
IV. CONCLUSIONS
In this work the surface plasmon excitations produced in systems of two spheres by external swift electrons have been studied using a dielectric theory.
The known results of the energy-loss probability for an isolated sphere have been recovered exactly as a particular case of our expressions.
The expressions obtained have been applied to systems of aluminum spheres in vacuum and in an AlF 3 host. The excitations produced for different electron trajectories, parallel and perpendicular to the axis that joins the spheres centers have been compared and related to the structure of the induced electric field around the two particle target. The general trends of the energy-loss spectra are a redshift of the excitations as the particles are approached, in the case of trajectories closer to one of the particles and a blueshift towards the bulk energy loss p , for electron trajectories between both spheres. Those are found to be the general deviations from the isolated sphere behavior. The excitations produced by electrons passing between the spheres have been compared with the planar case, as well.
The representation of the induced field at different points in the neighborhood of the particles has allowed us to state that the excitations are very focused in the region between the two spheres, even for not so close particles and electron trajectories out of that region. These results have been connected with recent previsions of effective medium theories.
For the case of two spheres of radius r 1 and r 2 whose centers are at distance d, the constant a is determined: 
͑A6͒
APPENDIX B: ENERGY LOSS BETWEEN TWO PLANAR INTERFACES
In this appendix we consider an electron traveling at velocity v and impact parameter b, in the space ͑vacuum, 0 ϭ1͒ between two planar interfaces of the same material ͓of dielectric function ͔͑͒ and at d distance ͑see the scheme in Fig. 3͒ . The energy-loss probability per unit length is given by the following integral over momentum q: ϪQd ). It can be easily proved that for the symmetrical trajectory (bϭd/2) only the high-energy mode ϩ remains. The other one ( Ϫ ) appears only for asymmetric trajectories, and in general its intensity is lower. Notice that for small distances, the high mode excitation energy tends to p , as one should obtain the bulk material for that limit. The lower mode excitation energy goes to zero in that limit. When the interfaces are very distant, on the other hand, both modes tend to s , the planar interface excitation energy.
